This study is a collaborative effort among lactation specialists and fluid dynamic engineers. The paper presents clinical results for suckling pressure pattern in lactating human breast as well as a 3D computational fluid dynamics (CFD) modeling of milk flow using these clinical inputs. The investigation starts with a careful, statistically representative measurement of suckling vacuum pressure, milk flow rate, and milk intake in a group of infants. The results from clinical data show that suckling action does not occur with constant suckling rate but changes in a rhythmic manner for infants. These pressure profiles are then used as the boundary condition for the CFD study using commercial ANSYS FLUENT software. For the geometric model of the ductal system of the human breast, this work takes advantage of a recent advance in the development of a validated phantom that has been produced as a ground truth for the imaging applications for the breast. The geometric model is introduced into CFD simulations with the aforementioned boundary conditions. The results for milk intake from the CFD simulation and clinical data were compared and cross validated. Also, the variation of milk intake versus suckling pressure are presented and analyzed. Both the clinical and CFD simulation show that the maximum milk flow rate is not related to the largest vacuum pressure or longest feeding duration indicating other factors influence the milk intake by infants.
Introduction
Fundamental studies of transport processes in biological organs can be greatly beneficial to the understanding of the pathology of many diseases as well as addressing wider issues related to human health and wellbeing. Motivated by this basic principle, mathematical or computational fluid dynamics modeling of human organs has been applied in blood vessels [1] [2] [3] , lung and respiratory system [4] [5] [6] , nasal and human upper airway [7] [8] [9] [10] , liver [11] [12] [13] [14] [15] , and brain [16] [17] [18] [19] . These studies have found relevance in the diagnosis and treatment of diseases [20, 21] as well as the development of various biomedical devices [22, 23] and surgical procedures [24, 25] .
The female human breast is a prime example of the principle mentioned above. A wide scientific consensus points to the overwhelming advantages of breastfeeding when possible, and its long-lasting positive effects on the health of the both the infant and the mother. The prevalence of various difficulties that hinder or discourage breastfeeding is also well known among the community of experts on human lactation [26] . Also, many of the diseases of this organ are closely related to the ductal system transporting fluids, among these diseases one can name ductal blockage, breast engorgement, breast abscess, and galactocele. The investigation of the origins of breast diseases and various conventional breast conditions, as well as their diagnosis and treatment, can greatly benefit from a detailed understanding of the milk flow mechanism and the factors that influence it [27, 28] .
In the area of the human breast structure, the studies have been mainly observational, either through imaging (ultrasound) [28] [29] [30] or visualization (anatomization) of the 3D ductal system [31] [32] [33] . Issues related to lactation and infant suckling mechanism have also been studied by clinicians [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] . It is worth emphasizing that the studies of the breast have by and far been biological and clinical in nature, and there is a clear absence of a fundamental biofluid transport study of the breast.
In the area of mathematical modeling of the lactating breast, Mortazavi et al. [51] (authors of the present paper) studied the milk transfer from alveolar sacs through the mammary ducts to the nipple mathematically. They showed that there is an optimal range of bifurcation numbers leading to the easiest milk flow based on the minimum flow resistance. The model formulates certain difficult-to-measure values in breast ductal system (e.g., dimension of alveoli) as a function of easy-to-measure properties such as milk flow properties and macroscopic measurements of the breast. In the area of solid mechanics of the lactating breast, Zoppou et al. [52] developed a mathematical model of the breast teat based on quasi-linear poroelastic theory and studied the relation between tissue deformation and applied suckling pressure.
Prieto et al. [53] investigated the relationship between milk transfer and suckling pressure by recording the suckling pressure and milk transfer during complete suckling episodes. A total of 27 recordings, 13 of which were from a single breast and 14 from both breasts, were evaluated. They observed that milk transfer from the second breast was 58% lower than from the first one; this was associated with a significant decrease in milk transferred per suck or per minute without significant changes in sucking pressure. The data suggest that there is either a change in the maternal physiological response to sucking between the first and second breast or a change in the infant in response to the breast.
Kron and Litt [54] developed an apparatus to measure the infant suckling pressure and milk flow during nutritive suckling. The device was constructed in a way that considered the subatmospheric intra-oral pressure as the only factor in flowing the milk and ignored the effect of mouthing or chewing movement. They applied the physical principles to analyze the macroscopic flow characteristics in this instrument. Due to the analogy between infant's suckling behavior and pulsating pump, the result of this analysis was validated by replacing infant with a calibrated and programmed pump which could generate pressure pulses of different amplitude, repetition, and duration.
Elad et al. [55] explored the physical aspects of infant feeding via ultrasound visualizations of the moving components in the oral cavity and a biophysical model. The dynamic characteristics of tongue motion and nipple movement during breastfeeding were studied by computational fluid dynamics modeling. This study assumed a periodic pressure cycling between À20 mmHg and À40 mmHg. They have conducted a CFD modeling of milk flow for duration of one suck on a symmetric geometry of one lobe with two bifurcation levels.
To the best of the authors' knowledge, no computational fluid dynamics study has been attempted until now for the ductal structure of the human breast and its interaction with the boundary conditions driven by the suckling action of an infant for a complete duration of breastfeeding. This paper reports the results of a collaborative effort among lactation specialists and fluid dynamics engineers. The methodology of this study starts with measurements by lactation specialist, yielding a set of precise and statistically representative data on suckling pressure. High-quality clinical data are essential to the integrity of such a study and its practical relevance, since it is known that infants instinctively vary their suckling pressure in a complex manner [48, 50] . This data produces useful and dependable boundary conditions for the CFD study.
The CFD itself is dependent on the development of a sound model for the breast ductal system geometry, which is essentially a tree structure starting from the alveoli, whose branches are grouped into lobules and lobes. One of the key contributions of this work is a 3D model of the lactating breast that is simple yet accurate enough, which was produced after several attempts and is briefly described in the sequel. Simulations have been performed using this model and the accurate boundary conditions mentioned above, and the results are described and analyzed.
Methods for Clinical Data Collection and CFD Simulation
We begin by highlighting certain useful facts and figures from the biology of the human breast. Subsequently, we concentrate on the task of extracting a biologically representative geometry to be used for the CFD analysis.
The human breast is a dynamic organ that achieves its maturation when a woman experiences pregnancy and childbirth [26] . During pregnancy, the mammary glands and the terminal ductal lobular units enlarge notably in anticipation of lactation. The milk flow system in the lactating breast resembles a tree in which the leaves are the milk glands (alveoli), the grapelike spherical cavity structure (Fig. 1) . Milk is produced from the nutrients (including fat, sugar, and protein) and water that are diffused from the adjacent blood stream into the alveoli. A collection of alveoli is called a lobule. Around 20-40 lobules join together to make a lobe [56] . Several works [32, 33, 57] show that more than 90% of nipple consist of 15-20 lobes, out of which only five to nine are true mammary duct openings (orifices) and the rest are sebaceous glands which change in length from 1 to 4 cm with no connections to the ducts [28, 29] . The first branching happens L 0 ¼ 865.5 mm from the nipple with the diameter of D 0 ¼ 1.9 6 0.6 mm [29] .
A key part of the CFD modeling and analysis has been to produce a representative geometry in a suitable numerical form for the purposes of CFD analysis. The CFD analysis for other biological organs has a number of precedents in the literature where the relevant analysis has extracted the geometry using various imaging modalities. This has been especially prevalent in the analysis of the lung [58] and kidney [59] . The standard method is to use a high-quality image of the related ductal system, use image processing algorithms to improve the contrast of the image, extract the ductal geometry via image edge extraction methods, and clean up the results via noise removal and homomorphic filtering to ensure continuity of the ducts [60] .
The corresponding task for the human breast is significantly more difficult, chiefly because of the fatty tissue in the human breast that produces extremely low contrast with respect to the ducts. The upshot is that the ductal system geometry is not recoverable to a desirable level of detail from any of the existing imaging modalities, including ultrasound or magnetic resonance Another noteworthy alternative considered by the authors is ductogram/galactogram imaging, a special type of mammogram that injects an X-ray dye into a duct for better visualization. Unfortunately, the ductogram data are not imaged as a volume dataset, and also the ductogram does not produce an image for the entire ductal system at the same time ( Fig. 2(d) ).
To initiate the preliminary study of flow in human ducts, we have used an existing phantom model developed by Baum [61] and validated against the anatomical data. This breast phantom was developed mainly as a ground truth to be able to simulate and evaluate the accuracy of breast imaging modalities and algorithms. Figure 3 portrays the interior of breast phantom (one lobe only) using surface rendering techniques. Tissue includes skin, areola, lobule, ductal system (up to six generations), and blood. Among these, only the ductal system is chosen for the current study and imported into the CFD software as the geometry base of the model. Considering the fact that breast includes five to nine lobes, Fig. 4 shows a typical image of entire breast ductal system (in the SOLIDWORK software) by multiple copying of one lobe from the phantom model. This ductal system has been used as the final geometry exported in the ANSYS FLUENT software.
Information about boundary conditions (suckling pressure) has been obtained via a close collaboration with clinicians at the University of Western Australia. Suckling pressure and milk intake for 15 infants were obtained through the Child and Adolescent Community Health Center (Oceanic Area Health Service), Perth, Western Australia. The infants were healthy, full term aged 18 6 6 days (early lactation), with neither any difficulties in breastfeeding nor oral abnormalities. The data included recorded intra-oral vacuum for the entire breastfeeding as well as milk intake measurements.
To collect the pressure data, a small silicone tube (Supplemental Nursing System, Medela AG, Baar, Switzerland) filled with sterile water was used to measure the intra-oral vacuum pressure (Fig. 5) . One end of the tube was attached alongside the nipple (extended 1-2 mm beyond the tip) and the other end was fixed through a silicone tube with the dimension of 650 mm Â 4 mm and a three-way tap to a pressure transducer (SP854, Memscap, Bernin, France) with disposable clip-on dome (MLA844, AD Instruments, Castle Hill, Australia). The pressure transducer was synchronized by a customized computerized data collection system called LactaSearch (LactaSearch, Medela AG, Baar, Switzerland), and recorded using the software package DIADEM (version 11.1, National Instruments, Texas, USA, 2009) with a customdesigned program for offline data analysis [46] . Transient pressure profiles P(t) have been derived based on these data collections in periodic form to be used as outlet boundary conditions for the CFD simulation. These axial periodic suckling pressure profiles are written in separate user-defined functions (UDFs) in Cþþ and interpreted in FLUENT. During the clinical data collection, at each recording, milk intake is obtained by weighing the infant before and after breastfeeding using an electronic baby weigh scale (Medela AG, Baar, Switzerland, with accuracy 60:034%). The milk intake (gr) was computed by subtracting the initial weight from the final weight.
Using the commercial ANSYS FLUENT software, the UDF files (boundary conditions) from the clinical data are applied to the developed breast ductal system geometry. The results from the CFD modeling are compared with the clinical data. The suckling pressure is applied to the nipple side of the lobe, and the proximal end (fixed position adjacent to alveoli) is considered to have zero pressure [52, 55] . In this study, the walls of the milk ducts are assumed to be rigid with no-slip boundary condition. Both inlet and outlet boundary conditions are applied perpendicular to the inlet (alveoli) and outlet (nipple) cross sections.
The milk is considered as an incompressible Newtonian fluid [62] with approximate density q ¼ 1030 kg=m 3 . The clinical data for viscosity measurement indicate that the viscosity of human milk varies greatly during the first few days of lactation (early breastfeeding). The viscosity can be as high as 50 Â10 À6 m 2 =s in the first day of lactation and falls rapidly as low as to 1:66 Â 10 À6 m 2 =s in the second week of breastfeeding. The viscosity remains in a fairly uniform level after that [63] . Since our pressure (boundary conditions) and milk intake data are related to early lactation, therefore, we have assumed an average value for the viscosity ¼ 26 Â 10 À6 m 2 =s in the current study. Table 1 shows the physical data considered in the CFD simulation.
Considering the largest value of initial duct diameter (2 mm) [29] and maximum observed milk flow rate (4.8 ml/min) [37, 46] , the maximum Reynolds number of the milk flow in the conduits will be around Re ¼ 30 which corresponds to laminar flow. Therefore, the milk flow motion in ducts is assumed as unsteady laminar
branches in the breast ductal system. Tetrahedral unstructured meshes were used for the interior of the milk ducts with 2:52 Â 10 6 elements (Fig. 6 ). The problem was first solved with a fairly coarse mesh. After convergence, the solution was improved by refining the mesh (gradient adaption tool), by seeking the locations where a refinement of the mesh would be useful. Using the mesh adaption method, nodes with high-pressure gradients were detected and marked. The grid was refined in the marked region and the procedure was repeated until the pressure solution became mesh independent. Therefore, the resulting mesh was optimal for the flow solution. Thus, the effect of mesh refinement (grid adaption) on the flow solution can be studied without completely regenerating the mesh, and the computational resources are not wasted with unneeded cells [65] [66] [67] .
Transport equations were discretized by second-order accurate time stepping and a second-order accurate discretization scheme. The semi-implicit method for pressure-linked equations algorithm was applied to evaluate the pressure-velocity coupling. The laminar solution of the flow field was assumed to be converged when the continuity and momentum equations residuals reduced to less than 10 À6 . Comprehensive convergence tests were done to investigate the time-step size. Table 2 shows the effect of time interval sizes in the average milk flow rate ( _ V ) obtained by the CFD simulation, indicating that the time step of Dt ¼ 0.0625 s is a suitable value. The number of iterations per time step was large enough to meet the convergence criterion.
After completing the simulation model including the geometry and flow domain, establishing the boundary and initial conditions, generating the grids, and simulation strategy settlement, the results for milk intake and milk flow rate at each stage of breastfeeding are compared against the comprehensive clinical data. Figure 7 represents the average maximum (baseline) and minimum (peak) pressure for all 15 infants along with their related milk intake value. The results from clinical data for average suckling pressure, feeding duration, number of cycles, total milk intake, average milk flow rate, and milk flow per cycle are shown in Table 3 . In the last row of the table, the average among all 15 infants is listed. Looking at these clinical data, one can observe that largest milk flow rate is not related to the infant with maximum pressure or longest duration of breastfeeding. It is obtained from the results that in a suck cycle (Fig. 8) , vacuum pressure is not the only reason for milk removal from the breast and other parameters such as suckling, swallowing, and breathing interruptions may be involved. This is in contrast with several previous studies that claim vacuum plays an important role in the removal of milk from the breast [53, 55] . Figure 9 presents a sample of graph (infant-A) for the recorded suckling pressure. As shown, the vacuum pressure is not applied uniformly with the same period and number of sucks for the entire breastfeeding duration (8-15 min), but rather changes with the infant's patterns of nutritive and non-nutritive sucking defined by the presence or absence of milk. Also, the milk ejection happens early in the breastfeeding and persists for a short period of time to keep an internal pressure within the ductal system, providing the continuous progress of milk into the nipple. Figure 10 shows a clear presentation of transient pressure profile P(t) during each phase of the breastfeeding for infant-A.
Results and Discussion
The related equation P(t) in each phase is in a periodic form (Eq. (1)). The correlation is derived as a function of recorded data of average maximum (baseline) and minimum (peak) pressure, number of sucks per burst, burst duration, interburst duration, and intersuck duration for each section of burst and pause, nutritive and non-nutritive phase (Fig. 11) . According to these clinical data, the outlet pressure profile is approximately sinusoidal in each of the subintervals, e.g., nutritive and non-nutritive suckling phases. Therefore, we use regression to match the measured values in each interval to a sinusoid of the following form:
where ðt; PðtÞÞ are the experimental data points, and ðnÞ, (A), and (B) are the values determined by the regression. Transactions of the ASME Both (A, B) are negative (suction), (A) is the difference between baseline and peak pressure, (B) is the maximum pressure (because A 0), and ðnÞ is the frequency of the pressure profile. Frequency of the infant suckling ðnÞ is defined as the ratio of number of sucking per burst duration. A set of consecutive periodic functions of the form given in Eq. (1) will constitute the boundary conditions. It is useful to recall that this set of functions is representative of the natural rhythm suckling that includes sucking, pausing, and breathing, and involves a combination of the actions of tongue and jaw movements. Table 4 shows the related derived equations of vacuum pressure profiles for infant-A in each phase of breastfeeding.
Applying these periodic equations as outlet boundary conditions for nipple, Figs. 12 and 13 show the milk intake in each time interval and the average of milk flow rate in each stage of suckling, respectively. As observed in both figures, major milk flow occurs in the first stages of infant suckling, while less milk flow is observed in later stages. These results are in line with our clinical measurements on infant-A in which almost 50% of the total milk intake occurs in the first 2 min of suckling and 80-90% by first 4 min. This phenomenon was observed by clinical data and monitoring the milk flow rate during a full breastfeeding duration by Woolridge et al. [43] as well.
Also, comparing the milk flow rate in each stage and its related absolute vacuum pressure in the same stage shows that the maximum flow rate (the most productive stage) is not related to the maximum vacuum pressure or vice versa, the minimum milk flow rate does not correspond to the stage with the maximum pressure value. The milk intake was not related to peak or baseline vacuum indicating other factors influence the intake of milk of the infant such as appetite and fullness of the breast.
Having the number of suck cycles and milk flow rate in each stage, the value of milk flow rate per suckling cycle is obtained via CFD simulation in each stage. The results show that the milk flow rate per cycle is decreasing from 0.4 ml/cycle in the beginning stages to 0.2 ml/cycle in the latest stages of breastfeeding. This phenomenon was observed in the clinical experiments by Woolridge [43] and Pierto et al. [53] as well. This progressive reduction in intake volume per suck and also the increase of pause burst of sucking in the last stages of breastfeeding contribute to the curtailment of intake during the breastfeeding. Table 5 gives an overview of the current study and comparison with previous related studies.
From the CFD simulation, the accumulative milk intake during the total duration of breastfeeding for five lobes (infant-A) is 250 (ml) which is 1.85 times higher than the clinical measurements for Fig. 11 Representative of burst, interburst, suck, and intersuck durations Fig. 12 Results from the CFD simulation: instantaneous milk intake (ml) during the total duration of breastfeeding Fig. 13 Results from the CFD simulation: average value of milk flow rate (ml/s) in different stages of suckling (shown in Fig. 10) that specific infant (135 ml). A similar result was obtained by Elad et al. [55] , who found three times more milk flow intake via a solid geometry with two bifurcation levels. The relationship of the simulation and clinical data is certainly noteworthy, leading to the following observation. The flow resistance increases substantially with increasing number of bifurcations, a fact that is not only intuitive but also mathematically verified in Ref. [55] . The current work uses a model with six bifurcation levels, producing milk flow within a factor of 1.8 of clinical data. Elad et al. [55] used a symmetric model with only two bifurcation level, experiencing a larger discrepancy with clinical data. The number of bifurcations occurring in nature is variable and not perfectly known; however, it has been mathematically estimated in Ref. [51] to be on the order of n ¼ 20-40. It is expected that simulation involving more bifurcations in the future can reduce the gap to clinical data. In addition, other factors also contribute to the resistance to milk flow. These factors include deformed region of the areola-nipple, reduction of ducts cross-sectional areas due to squeezing of the nipple, and elasticity of the tissue. More sophisticated future simulations via modeling of these effects can shed further light on the mechanics of milk flow and produce closer results to clinical data.
Conclusion
A CFD modeling of milk flow through branching ducts in the human breast was presented. The commercial ANSYS FLUENT software was used for numerical simulation. The geometry was extracted from a phantom model, and the boundary conditions, mainly infant vacuum pressure, were obtained from the clinical measurements on a group of infants.
The results for milk intake from the CFD simulation and clinical data were compared. The clinical data show that suckling action does not occur with constant suckling rate but changes in a rhythmic manner for infants. Both the clinical and CFD simulation show that the maximum milk flow rate is not related to the largest vacuum pressure or longest feeding duration. The results from the simulation modeling indicate that the majority of milk intake is during the first stages of breastfeeding, almost 50% during the first 2 min, and around 80-90% during the first 4 min. This has been validated with our clinical measurements.
The analysis and comparison of the gap between the simulation and clinical data from several studies show that the branching ductal system and the forces from infant jaw movement and oral cavity are important factors in milk flow, which have to date been incorporated into analysis only up to a certain point. In addition, several other factors may also contribute to milk flow, including the deformed region of the areola-nipple, reduction of ducts cross-sectional areas due to squeezing of the nipple, and elasticity of the tissue. These factors have to date not been incorporated into formal studies of milk flow, and more work is needed to reveal the relative importance of their role. 
Greek Symbols
¼ kinematic viscosity ðm 2 =sÞ n ¼ frequency ð1=sÞ q ¼ density ðkg=m 3 Þ 
